INTRODUCTION
The first steps of L-arabinose catabolism in Aspergzlhs n%er and Pcnicilhm chr_ysogenzrm are four alternating reduction a n d oxidation reactions ( Fig. 1) (Witteveen e t d., 1989; Chiang & Knight, 1961) . The equilibria of these reversible redox reactions are far in the direction of the formation o f the polyols L-arabitol and xylitol, so two thermodynarriically unfavourable steps have to be taken before phosphorylation occurs and D-xylulose 5-phosphate enters the pentose phosphate pathway. To investigate the problem of the mechanisms which still allow an efficient Hux to occur in the direction of ~-xylulose 5-phosphate therefore seems important. The phosphorylation of D-xylulose causes a net flux in the direction of Dxylulose. b'itteveen e t d. (1989) concluded that the cofactor specificity of the four dehydrogenases also results in an increase in the efficiency of the flux towards D- Abbreviations: ARC, anabolic reduction charge; CRC, catabolic reduction charge; DXDH, NAD+-dependent xylitol dehydrogenase; LXDH, NADPHdependent L-xylulose reductase.
("AD' ]
+ [NADH] )] (Fuhrer e t d., 1980). There is another possible way for the cell to influence the efficiency of the flux towards D-xylulose and that is by differences in the specific kinetic properties of the enzymes involved. The affinity of the enzymes might have an important effect on the efficiency of the flux towards D-xylulose. We studied this possibility by analysing the two xylitol dehydrogenases of this route : L-xylulose reductase (N ADPH-dependent ; LXDH) and xylitol dehydrogenase (NAD+-dependent ; DXDH). They catalyse two almost identical reactions, just differing in the stereoisomer converted in the reduction step. In the oxidative reaction they have xylitol as a common substrate (Fig. 1) . We purified the proteins and analysed whether their properties were somehow adapted to their opposite physiological function.
METHODS
Materials. FPLC equipment, Sephacryl S300 and the Mono Q column were from Pharmacia LKB. Procion Red HE3B agarose (Matrex Red A) was obtained from Amicon. L-Arabinose, Lxylulose and D-x-y lulose were from Sigma. The nicotinamide cofactors were from Boehringer. All other chemicals were from Merck and were of analytical grade. Strains and culture conditions. For the isolation of the two xylitol dehydrogenases, A. niger N400 (CBS 120.49) mycelium was grown for 21-24 h on minimal medium (Witteveen et a/., 1989) harvested by filtration and stored at -20 "C until further use. Mycelium for the determination of intracellular xylitol and arabitol concentrations was grown as follows. N400 spores (5 x lo6 ml-l) were precultured in an Erlenmeyer flask for 8 h in the same medium as described above with 50 mM L-arabinose as carbon source and subsequently transferred to a fermenter containing the same medium. Incubation was continued for another 10 h. During this period the culture was aerated (dissolved oxygen > 30% air saturation) and the pH was kept at 4.5. Preparation of cell-free extract. Extracts of mycelium for the purification of the enzymes were prepared either using a K'aring Blender (Schuurink et al., 1990) or a Braun dismembrator (Witteveen ef al., 1989) and was done at 0-4 "C. A 20 mM potassium phosphate buffer, pH 6.5, containing 5 mM MgC1, and 1 mM p-mercaptoethanol was used as extraction buffer. Determination of xylitol and arabitol concentrations in mycelium. N400 mycelium grown on L-arabinose for 18 h as described above was harvested by filtration and frozen in liquid nitrogen. The mycelium was not washed since this resulted in considerable losses of the intracellular polyols (up to 60 O h ) . The frozen mycelium was lyophilized. The weight of the lyophilized mycelium was taken as the dry weight. It was extracted by adding 10 YO (v/v) perchloric acid (approximately 2 nil per 50-100 mg mycelium) and subsequent shaking for 30 min at 0-4 "C. Then 2 ml water was added and the mycelium was spun down (15000g, 15 min). The supernatant was neutralized using a concentrated KHCO, solution. The KClO, precipitate was removed by centrifugation, and the polyol content of the supernatant was determined by HPLC (Dionex) with a CarboPac MA1 column using isocratic elution with 0.48 M NaOH. The flow rate was 0.4 ml h-' and an amperometric detector (Dionex) was used. Protein determinations. Protein concentrations were estimated, after denaturation and precipitation of protein with sodium deoxycholate and trichloroacetic acid (Bensadoun & Weinstein, 1976) , by the microbiuret method (Itzhaki & Gill, 1964) Laemmli (1970) . The molecular mass of the denatured proteins on these gels was determined by comparison with the Serva marker kit protein standards : carbonic anhydrase (29 kDa), ovalbumin (45 kDa), BSA (67 kDa), phosphorylase B (92-5 kDa). Analytical thin-layer isoelectric focusing was done in the pH range 3-7 on an FRE-3000 apparatus (Pharmacia) using the focusing and staining conditions stipulated by the manufacturer. Native molecular mass determination by gel filtration. T o determine the native molecular mass of LXDH we applied a mixture of proteins with known molecular mass to a 150 x 2.6 cm Sephacryl S300 column. The column was eluted with Mono Q buffer (see below) with addition of 25 mM NaCl.
From the retention volumes a calibration curve was made. The molecular mass marker proteins were : horse ferritin (450 kDa), bovine catalase (240 kDa), rabbit aldolase (160 kDa), BSA (67 kDa), chicken egg albumin (45 kDa) and horse myoglobin (17.8 kDa).
Purification of LXDH. Extract (150 ml) from 50 g mycelium (wet wt) was applied to a 25 ml Matrex Red A column which retained the activity. After washing the column with approximately 100 ml of the extraction buffer the enzyme was eluted using a 100 ml linear gradient of 0-1.5 mM NADP' in extraction buffer. The fractions containing activity were pooled and applied to a Mono Q column on an FPLC system (Pharmacia). The Mono Q column was eluted with a gradient of 0-0.5 M NaCl in 20 mM bis-Tris/HCl, pH 6.5, containing 5 mM MgC1, and 1 mM p-mercaptoethanol (Mono Q buffer). Active fractions from the Mono Q column were diluted fourfold with Mono Q buffer and reloaded on the Mono Q column. The same salt gradient was used for elution. The active fractions were loaded onto a Sephacryl S300 column (150 cm in length, 2.6 cm in diameter) on an FPLC column which was equilibrated in Mono Q buffer with 25 mM NaC1. For elution the same buffer was used. The purification step with the Matrex Red A column was done at 4 "C whereas the subsequent steps were done at room temperature.
Purification of NADt-dependent DXDH. The first step in the purification of this enzyme was an ammonium sulphate precipitation applied to 100 ml extract obtained from 40 g mycelium. The enzyme precipitated between 40-60 O/ O ammonium sulphate saturation. The pellet was collected by centrifugation (lOOOOg, 10 min), dissolved in 25 ml50 mM Tris/HCl, pH 7.5, and subsequently this fraction was applied to a DEAE-A50 column. The enzyme did not bind to the column under these conditions. Fractions with activity were collected and then applied to an 8 ml Phenyl-Sepharose CL-4B column. This column was washed with 20 ml50 mM Tris/HCl buffer, pH 7.5, and with 20 ml 20% (v/v) ethylene glycol in Tris/HCl buffer. The enzyme was finally eluted using 40 YO (v/v) ethylene glycol in 50 mM Tris/HCl, pH 7.5. The fractions containing activity were applied to a DEAE-Sepharose A50 column equilibrated in the same Tris buffer with 20 YO (v/v) ethylene glycol, which was washed and subsequently eluted with 0.1 hl ammonium sulphate in the same buffer. This preparation was used for further characterization of the enzyme and for a kinetic analysis. The DE;AE-Sepharose A50 purification step was done at room temperature whereas all the other steps were done at 4 "C.
Kinetic measurements. All kinetic measurements were performed in 100 mM sodium phosphate buffer, pH 7.0, at 30 "C.
X ylitol dehydrogenases of Aspergilf'xs niger
The initial velocities were measured spectrophotometrically by measuring the rate of change in the absorbance difference betlvcen 340 and 380 nm, using an Aminco D W 2 UV/VIS spectrophotometer ( E~~~) :3xo = 5.33 mhl-' cni-'). The kinetics of the enz!'mes were studied by varying one substrate and keeping the other substrate constant. The data were fitted t o the Michaelis--Menten equation using the program Enzfit (Elsevier Biosot't).. The activity measurements in the presence of product were performed by keeping one substrate constant and varying the other. This was done at a few different constant concentrations of the product. The inhibition parameters Ki, (slope effect) and Kii (intercept effect) were determined from replots of the slopes and intercepts, respectively, of double reciprocal plots against the inhibitor concentrations.
The ptl dependency of the enzyme activities was measured in hlcI1vaine buffer (pH 5-8) (Dawson ef a/., 1986) and in 100 m M glycine/NaOH buffer (pH 8.5-1 1).
RESULTS

Purification and characterization of LXDH
The re4uIts of the purification of 1,XDH on the hlatrex Red A column were not fully reproducible. The efficiency of elution of the enzyme using an NADP' gradient was less when the column material was used for the first time. Subsequently performance improved, to become worse again upon prolonged usage. The losses encountered in this step were therefore not always the same. However, since this step resulted in a very good purification (approximately 20-fold) we have maintained it. The subsequent steps on the FPLC system could be done with high efficiency (90 %). The overall recovery of the enzyme after the Sephacryl S-300 purification step was usually between 20-40 YO. The protein eluted from the Sephacryl S-300 column as a separate and symmetrical peak which, upon SDS-PAGE, showed a single band with a molecular mass of 32 kDa. From the Sephacryl S-300 elution volume of the enzyme and from those of the calibration proteins we determined a native molecular mass of 250 kDa. This indicates that the enzyme is probably composed of eight identical subunits. The isoelectric point is 6-3. The enzyme is stable in 20 mM bis-Tris/HCl buffer, pH 7-0, at 4 "C for at least several weeks. The pH optima of the L-xylulose reduction and xylitol oxidation reactions are given in Fig.  2 . The pH optimum for the reductase reaction is around 6.5 and rather broad, whereas the xylitol oxidation proceeds most efficiently at high pH values above 10. The enzyme is highly specific for L-xylulose as the sugar substrate and in the oxidative direction for xylitol although some activity was measured using other substrates (Table 1) . No activity was determined when NAD(H) was used as cofactor instead of NADP(H).
Partial purification and characterization of the DXDH
A complication in the purification of this protein was the instability of the enzyme as experienced in most column chromatographic steps, especially later in the purification where the protein concentration is lower. We therefore tried to select a dye-affinity column for the purification of the protein by testing 96 different dye-affinity materials as described by . However, only very low recoveries were found, owing to loss of activity. :issa!red with NADP' (polyols) o r NADPH (sugars) as cofactor whereas for DXDH, NAD' (pol! 01s) or NADH (sugars) was used. The reduced cofactor was used at a concentration of 0.2 mM and the osidized cofactor at a concentration of 0.5 mM. The polyols and sugars were added a t a concentration of 50 mhl, escept for L-xylulose, which was added a t a concentration of 2.5 mbI. The sugar reduction reactions were measured in 100 mbl potassium phosphate buffer, pH 6-5, whereas the polyol osidation reactions were measured in 200 mM glycine/NaOH buffer, pH 9.6. ND, Not done. t The accuracy of the data was too low for conclusions about the type of inhibition.
$ Parallel lines were observed but the accuracy of the data was not high enough to exclude interception of the lines outside the plot.
The procedure finally used is described in the Methods section and resulted in a preparation which was approximately 80-90 YO pure, based on four independent experiments. The presence of ethylene glycol in the final DEAE-Sepharose purification step was essential to prevent inactivation. Protease inhibitors have been tried at various stages of the purification scheme but have no effect. Recovery from the ammonium sulphate step was about 70% and from the column chromatography steps the recovery was 90% or more. The molecular mass determined by SDS-PAGE was approximately 40 kDa. The final preparation was stable both at 4 "C and -20 OC in a 50 mM Tris/HCl buffer, pH 7.5, containing 20% (v/v) ethylene glycol. The enzyme was not stable on a gelfiltration column, not even in the presence of ethylene glycol. The enzyme is highly specific for D-xylulose and xylitol, but shows activity with some other substrates as well (Table 1) . Although it cannot be completely excluded it is unlikely that these activities are due to impurities, particularly in the case of sorbitol. The pH optimum for the reduction of D-xylulose and for the oxidation of xylitol is 6.5 and 10, respectively (Fig. 2) .
Kinetics of LXDH
The initial rate measurements resulted in double reciprocal plots with a series of intersecting lines. (forward and reverse reactions, both substrates) were all situated on or just below the horizontal axis. The intercepts and slopes were replotted against the reciprocal of the fixed substrate concentration, resulting in linear relationships. This result is consistent with a sequential mechanism. The lines of the different primary double reciprocal plots intersect very close to the X-axis meaning that the apparent K , for one substrate is not strongly influenced I ->! . the concentration of the other substrate. In Table 2 the apparent K,s are given. The LjTmaX values were calculated from the secondary plot of the intercepts against the reciprocal of the constant substrate concentration.
We also perfolrmed a series of measurements to study the product inhibition. If the lines intersected on the reciprocal velocity axis it was concluded that the inhibition was competitive (no change in LrmaX). In all other cases the lines intersected somewhere left of this axis, in which case the inhibition was non-competitive. NADPH showed competitive inhibition relative to N ADP' and vice versa (Table 3) . The inhibition by xylitol was very low or not detectable at concentrations below 1 M. Furthermore, the accuracy of the data on inhibition by Lxylulose was too low to determine whether the inhibition was competitive or not.
Kinetics of DXDH
It was difficult to obtain accurate kinetic data for the NAD+-dependent enzyme. One of the problems was that the activity was strongly dependent on the order in which the substrates were added to the enzyme, the reaction being inhibited when xylitol or D-xylulose were added to the enzyme before the cofactor. Most activity measurements were performed by starting the reaction by the addition of enzyme to the mixture. The low accuracy of the data made interpretation difficult. Double reciprocal plots of the forward and reverse reactions with different substrates gave lines which intersected more or less at one point. All the points of intersection were above the horizontal axis. In the oxidation of xylitol the apparent K , was dependent on the concentration of NAD' and vice versa, whereas in the reduction of D-xylulose the apparent K , values were only to a small extent dependent on the second substrate. In Table 2 the apparent K , and Lrmax values are given.
The product inhibition studies showed a competitive inhibition pattern of N A D H relative to NAD' and vice versa (Table 3) . Competitive inhibition by xylitol was observed as well when D-xylulose was varied. In all other cases non-competitive inhibition was observed, except in the case of inhibition by NAD' when D-xylulose was varied, where uncompetitive inhibition was observed.
However the accuracy of the data was not high enough to exclude the possibility that the lines d o intercept far from the origin.
Polyol concentrations in L-arabinose-grown mycelium
The 
DISCUSSION
Only a few descriptions of LXDH have been published. Hollmann & Touster (1957) have described the presence of an LXDH in guinea-pig liver. T o our knowledge purification of the enzyme has not been described before. In contrast to this several D X D H enzymes have been isolated from different organisms, e.g. Pachsolen tannophilzts (Ditzelmiiller et a/., 1984) and Pichia st$itis (Rizzi et al., 1989a, b) .
The two enzymes have comparable pH optima. However, LXDH shows a broader pH optimum for the reductive reaction and has relatively high activity at physiological pH (around 7). The oxidative reaction is catalysed more efficiently by D X D H at physiological pH. Therefore, when the reactions around this pH are considered each of the two enzymes seems to catalyse the reaction which is in vivo its most important one more efficiently than the other enzyme.
The position of the intersection points of the double reciprocal plots of LXDH on or just below the horizontal axis for both forward and reverse reactions indicate that a random mechanism is operative (Fromm, 1975) . The results of the product inhibition experiments are in line with this. The position of the intersection points of D X D H above the horizontal axis does not allow discrimination between an ordered or random mechanism (Fromm, 1975 (Fig. 4b ) one measures only a net xylitol oxidation (xylitol = 15 mM) when the Dxylulose concentration is in the range of 0-1 mM or lower. From this it can be concluded that both the D-xylulose concentration and the CRC must be very low, in the range of 0.1 mM and 0.02, respectively, or lower. This means that the CRC has to be much lower than the 0.15 reported by Fuhrer e t al. (1980) otherwise higher xylitol levels would accumulate during growth. Since the reaction by which xylitol is oxidized to L-xylulose is catalysed only with a very low efficiency by L X D H at relatively low ARC values and in the absence of L-xylulose, the reaction will occur even less efficiently in the presence of Lxylulose and at higher ARC values.
In Figs 3(b) and 4(b) it can be seen that the presence of 1 mM xylulose has a much stronger effect on D X D H than on L X D H even though the CRC is much lower than the ARC. This is because of the higher affinity of D X D H for D-xylulose compared to the affinity of L X D H for Lxylulose and because of the stronger product inhibition by D-xylulose. This means that in vivo the D-xylulose concentration must be low, probably far below 1 mhl, in order to reach an efficient flux towards D-xvlulose. This X ylitol d e h y d r o g e n a s e s of Aspergillus niger ~ --implies as \~e l l that the D-xylulose kinase must have a high affinity for wxylulose in o r d e r to achieve such a low Dx v 1 u 1 o s e c( ) n c e n t r a t i on.
